Disease-mediated inbreeding depression is a potential cost of living in groups with kin, but its general magnitude in wild populations is unclear. We examined the relationships between inbreeding, survival and disease for 312 offspring, produced by 35 parental pairs, in a large, open population of cooperatively breeding American crows (Corvus brachyrhynchos). Genetic analyses of parentage, parental relatedness coefficients and pedigree information suggested that 23 per cent of parental dyads were first-or secondorder kin. Heterozygosity-heterozygosity correlations suggested that a microsatellite-based index of individual heterozygosity predicted individual genome-wide heterozygosity in this population. After excluding birds that died traumatically, survival probability was lower for relatively inbred birds during the 2-50 months after banding: the hazard rate for the most inbred birds was 170 per cent higher than that for the least inbred birds across the range of inbreeding index values. Birds that died with disease symptoms had higher inbreeding indices than birds with other fates. Our results suggest that avoidance of close inbreeding and the absence of inbreeding depression in large, open populations should not be assumed in taxa with kin-based social systems, and that microsatellite-based indices of individual heterozygosity can be an appropriate tool for examining the inbreeding depression in populations where incest and close inbreeding occur.
INTRODUCTION
Relatively high pathogen exposure and transmission rates are a potential cost of group living (Alexander 1974; Schmid-Hempel & Crozier 1999 ) that might be elevated in taxa with kin-based social groups (Spottiswoode 2008) , if related individuals share similar susceptibility characteristics (Shykoff & Schmid-Hempel 1991; Hughes & Boomsma 2004 ) and/or if pathogens are locally adapted to common genotypes (Lively et al. 2004) . Furthermore, in the absence of active inbreeding avoidance mechanisms, taxa that live in kin groups (particularly those with limited natal dispersal of both sexes) might have a higher probability of mating with kin than those that do not live in kin groups (Szulkin & Sheldon 2008) , and offspring produced from these consanguineous matings might suffer even greater disease costs (Coltman et al. 1999) . Inbred offspring have lower genome-wide heterozygosity than relatively outbred offspring and might therefore experience a disease-mediated reduction in fitness if (i) they are unable to recognize as wide a breadth of pathogens as more heterozygous individuals (overdominance) and/or (ii) pathogens are part of an environment that selects against individuals expressing deleterious recessive alleles (partial dominance; Coltman et al. 1999) .
Disease-mediated inbreeding depression might therefore represent a substantial cost to living and breeding with kin, potentially influencing the evolution of dispersal and incest avoidance (Charlesworth & Charlesworth 1987) . Understanding the relationship between inbreeding and disease is also important for the preservation of small, declining populations, in which inbreeding is unavoidable (Hedrick & Kalinowski 2000; Keller & Waller 2002) .
Because empirical data on inbreeding depression in wild populations is limited (Keller & Waller 2002) , particularly in terms of disease (Spielman et al. 2004) , the general magnitude and frequency of disease-mediated inbreeding depression are unclear. In laboratory settings, some studies suggest that inbreeding increases susceptibility to pathogens or parasites (Luong et al. 2007; Ilmonen et al. 2008) , whereas others have found that the relationship between disease resistance and inbreeding varies with the nature of the immune challenge (Calleri et al. 2006) . Among Gila topminnows (Poeciliopsis occidentalis), for example, the relationship between fluke infection and inbreeding varied with source population (Hedrick et al. 2001) , and relatively inbred individuals from all populations had higher survival after experimental infection with a novel bacterium (Giese & Hedrick 2003) . Relatively low disease costs might be expected among habitual inbreeders, particularly under benign environmental conditions (Armbruster & Reed 2005) , if long-term inbreeding purges the population's genetic load of deleterious alleles (Barrett & Charlesworth 1991) , although potential overdominance might limit the success of purging (Crnokrak & Barrett 2002) , and purging does not appear to operate consistently in wild populations (Byers & Waller 1999) .
Inbreeding depression measured in the captive populations or laboratory settings might underestimate costs in wild populations (Crnokrak & Roff 1999) . Because adequate pedigree information is often unavailable, most recent studies of inbreeding depression in wild populations have relied on microsatellite heterozygosity to infer genome-wide heterozygosity and inbreeding (Hansson & Westerberg 2002; Keller & Waller 2002; Coltman & Slate 2003) . Some of these studies have found a positive association between microsatellite-based estimates of individual homozygosity (and potential inbreeding) and ectoparasite burden ( Whiteman et al. 2006) , endoparasite burden (Coltman et al. 1999; MacDougall-Shackleton et al. 2005; Acevedo-Whitehouse et al. 2006; Rijks et al. 2008) and mortality during epidemics ( Valsecchi et al. 2004; Ross-Gillespie et al. 2007 ). Likewise, AcevedoWhitehouse et al. (2003) found an association between different diseases and marker-based estimates of individual heterozygosity in rehabilitated California sea lions (Zalophus californianus). Other studies, however, have found no association between marker-based heterozygosity and endoparasites (Cote et al. 2005) , and negative results might be under-reported because of a publication bias towards significant correlations (Coltman & Slate 2003) . It is difficult to assess the generality of disease-mediated inbreeding depression in natural populations with the available evidence.
The use of microsatellite markers to infer inbreeding coefficients could contribute to apparent variation in the relationship between disease and inbreeding among studies, because microsatellite heterozygosity is unlikely to predict the inbreeding coefficient in all systems (Hansson & Westerberg 2002; Balloux et al. 2004; Slate et al. 2004; DeWoody & DeWoody 2005) . Microsatellite and genome-wide heterozygosity are expected to be most strongly correlated in very small populations with a high variance in inbreeding and a high proportion of incestuous matings, a scenario that is uncommon in nature (Balloux et al. 2004; Slate et al. 2004) . If microsatellite and genomewide heterozygosity are correlated in a given system, then heterozygosity estimated from one set of microsatellites should be positively correlated with heterozygosity from an independent set of microsatellites from the same individual ('heterozygosity-heterozygosity correlations' or HHCs; Balloux et al. 2004) . Pedigree information and HHCs can be used together to examine (i) how well microsatellite and genome-wide heterozygosity are correlated in a given system, and (ii) whether heterozygosity-fitness correlations are likely to be explained (at least in part) by inbreeding.
In this study, we examine disease-mediated inbreeding costs in American crows (Corvus brachyrhynchos), a species that occupies a wide range of habitats and is capable of long-distance migration ( Verbeek & Caffrey 2002) . American crows in a wild, cooperatively breeding population in Ithaca, New York, exhibit natal philopatry and limited natal dispersal of both sexes, as well as incest and inbreeding ( Townsend et al. 2009 ). We first assessed the appropriateness of our inbreeding index, estimated from a panel of 10 microsatellite markers, by comparing inbreeding indices with available pedigree information and parental relatedness coefficients, and through HHCs. We then explored the relationship between this inbreeding index and two indices of fitness: (i) survival within the duration of the study (2-50 months after banding, depending on the year in which an individual was sampled) and (ii) the probability of dying with disease symptoms. Townsend et al. 2009 ). Offspring were marked individually with colour bands, aluminium bands and patagial tags on day 23-30 after hatching. We collected genetic samples from blood or passively moulted feathers from all members of the family groups of 283 out of these 312 nestlings ( Townsend et al. 2009 ). We monitored marked focal offspring for survival and poxviral dermatitis lesions at least once per month from their initial marking until July 2008.
MATERIAL AND METHODS

(b) Genetic analyses
We genotyped 312 nestlings and associated family members at 10 microsatellite loci ( Tarr & Fleischer 1998; Schoenle et al. 2006; Townsend et al. 2009 ). We assessed parentage of 283 nestlings with genotyped social parents using the maximum-likelihood method in the program CERVUS v. 3.0 (Kalinowski et al. 2007) , identifying probable genetic parents (within-pair and extra-pair) following criteria described in Townsend et al. (2009) . For pairs identified as first-order kin by pedigree, we tested this degree of relatedness based on their genotypic information in the program KINGROUP (R p Z0, R m Z1; 100 000 simulations; aZ0.05; Konovalov et al. 2004) . We then assessed relatedness between the parental pair dyads for which we lacked pedigree information in KINGROUP, setting the selection criterion to identify pairs that were likely to be second-order kin (R p Z0, R m Z0.5). More markers (more than 17) would have been necessary to accurately assess deeper relationships (Goodnight & Queller 1999; Konovalov et al. 2004) . We also used KINGROUP to estimate relatedness coefficients between all parental dyads. We estimated internal relatedness (IR), a microsatellitebased inbreeding index that accounts for background allele frequencies when estimating parental similarity from an offspring's microsatellite genotype (Amos et al. 2001) , using IRMACRON4 (http://www.zoo.cam.ac.uk/zoostaff/amos/ #ComputerPrograms). To examine the relationship between IR and parental relatedness, we regressed offspring IR values against the KINGROUP-generated relatedness coefficients of their respective genetic parents in a mixed model with parental pair as a random factor.
We used a combination of pedigree information and HHCs to examine how well microsatellite and genome-wide heterozygosity were correlated within individuals in this system. First, we divided offspring into three groups: offspring produced incestuously; offspring produced through second-order kin matings; and relatively outbred offspring. Following Balloux et al. (2004) , we then generated HHCs for each of these three groups of offspring by (i) randomly splitting the 10 loci into two sets of five independent loci, (ii) calculating two IR values-one from each set of five locifor each offspring, (iii) regressing the two IR values against one another for all offspring in each group and calculating the r 2 value of the regressions, and (iv) repeating this procedure 50 times. We then used analysis of variance to compare the 50 r 2 values generated for each of the three groups of offspring, predicting that mean r 2 value would be highest for the offspring produced incestuously and close to zero for the relatively outbred offspring (Balloux et al. 2004 ).
(c) Fate determination Dead crows were tested for West Nile virus (WNV ) using reverse polymerase chain reaction (Clark et al. 2006) . Birds that tested negative for WNV were necropsied with a complete external and internal examination. Dead crows discovered after November 2006 were subjected to gross examination and full necropsy, followed by the sampling of all major organs with fixation in 10 per cent neutral buffered formalin. Organs were sectioned using a tissue-cutting knife, embedded in paraffin, microtome sectioned at 4 or 5 mm and stained with haematoxylin and eosin using standard histological technique. Additional sections were also prepared for histochemical and immunohistochemical staining using the same protocol. All prepared sections were mounted with nonaqueous permanent mounting medium and analysed under light microscopy by two veterinary anatomic pathologists.
(d) IR and survival To examine the relationship between IR and survival, we used Cox's proportional hazards regression and mark-recapture analyses. There was no evidence of non-proportionality in the data. Year and sex had non-significant effects and were removed from the final proportional hazards regression model. Capture-history matrices were constructed using resight data from 171 individuals for which we had the most consistent resight data from the 2005-2007 cohorts during the first 14 months after banding, divided into 10 time intervals (May, June, July, August-December, January, February, March, April, May and June-July). Multiple resights within intervals were treated as a single sighting. Survival (F) and recapture ( p) parameters were estimated in the program MARK v. 5.1 (http://www.phidot.org/software/ mark/index.html). Following Lebreton et al. (1992) , model selection was made using the Akaike information criterion (AIC; Akaike 1973) . First, we generated models to detect time (t), year ( y) and sex (s) effects on F and p, starting with [F(s!tCy!t)p(t)] as the global model. We estimated a quasi-likelihood parameter by dividing the deviance estimate from the original data by the mean of the simulated deviances from a parametric goodness-of-fit test (1000 bootstrap samples), adjusting the overdispersion parameter to 1.15. We then constrained the best model with inbreeding index as an individual covariate. The model with the lowest quasi-AIC (QAIC) was accepted as the most parsimonious model for the data.
(e) IR and fate We explored the relationship between inbreeding index and fate in a mixed model with family as a random factor and fate as a fixed factor. Inbreeding index was normally distributed. Year and sex had non-significant effects and were removed from the final fate model. To examine the influence of the most inbred birds on heterozygosity-fitness correlations, we then excluded from fate and survival analyses the 10 offspring (constituting 3% of the entire sample) that were known by pedigree to have been produced incestuously. Statistical analyses were conducted in JMP v. 7.0.
RESULTS (a) Genetic analyses
Thirty-five genetic parental pairs (including within-pair and extra-pair sires; Townsend et al. 2009 ) were identified for 230 offspring. Three of the 35 identified genetic parental pairs were first-order kin (mother-son extra-pair matings) by pedigree. KINGROUP identified these three genetic pairs as probable first-order kin, and identified five additional pairs as probable second-order kin, suggesting that eight out of the 35 identified genetic parental pairs (23%) were first-or second-order kin. First-order genetic pairs produced 10 out of these 230 offspring (4.3%), whereas probable second-order genetic pairs produced 33 out of the 230 offspring (14.3%). Mean relatedness coefficient between genetic parental pairs, estimated by KINGROUP, was 0.06 (rangeZK0.32-0.59). Individual IR of the 230 offspring with genotyped genetic parents was positively correlated with parental relatedness in a mixed model with parental pair as a random effect (0.54G0.05 s.e., F 1,25.5 Z114.7, p!0.0001, R 2 Z0.40; figure 1 ). There was significant variation in the strength of HHCs among offspring of different relatedness classes (F 2,147 Z20.0, p!0.001, nZ150): the strength of the correlation, as expected, decreased as parental relatedness decreased (Tukey's HSD, aZ0.05; figure 2) and was close to zero for the relatively outbred birds.
(b) Offspring fates
We placed the marked focal offspring into four fate categories: 'alive' (nZ100) if they were seen within the last three months of the study; 'trauma' (nZ67) if they died as a result of predation, car collisions, electrocution, shootings, and other violent deaths; 'unknown' (nZ124) if they disappeared from the population, or if they were found dead but the cause of death was uncertain; and 'diseased' (nZ21) if they had poxviral dermatitis lesions (nZ14) or tested positive for WNV (nZ3), bacterial infections (nZ2), fungal pneumonia (nZ1) or enteritis (nZ1) when they died. (c) IR, survival and fate Mark-recapture estimates of survival during the first year after banding were lower for offspring with higher inbreeding indices, but only after individuals that died traumatically (deaths that were potentially independent of individual condition) were removed from the analyses: there was considerable support for a time-dependent model with inbreeding index as an additive effect (DQAICZ6.6; table 2). Survival analyses also suggested that survival probability in the first 2-50 months after banding was lower for relatively inbred birds (figure 3): the hazard rate for death or disappearance was 170 per cent (95% CI: 2-564%) higher for the most inbred birds across the range of IR values (model 1 in table 3), again after excluding birds that died traumatically. Inbreeding index had an even stronger effect on survival when we considered only the birds in the 'alive' and 'diseased' categories, the fate categories most likely to be influenced by individual condition (model 2 in table 3). IR varied with fate: in a mixed model with family as a random factor (F 3,299.5 Z3.29, pZ0.02) , individuals that died with disease symptoms had significantly higher inbreeding indices than all other individuals (Tukey's HSD, aZ0.05; figure 4). It is possible that death from WNV was independent of individual quality, because, in laboratory trials, all American crows died after WNV infection (Komar et al. 2003) . Removing WNV-positive birds from the analysis did not change the association between inbreeding index and fate (mixed model with family as a random factor and fate as a fixed factor, F 3,293.2 Z2.99, pZ0.03, nZ309). When the 10 offspring that were known, by pedigree, to have been produced incestuously were removed from the sample, inbreeding index had no effect on nestling survival (c 2 Z2.0, pZ0.16, nZ235) and inbreeding index did not vary with fate (F 3,290.9 Z2.3, pZ0.08). Post hoc tests for local and/or direct effects (Hansson & Westerberg 2002) , in which we reran the survival analysis and compared inbreeding index among the different fate categories with each locus sequentially removed (Hawley et al. 2005) , yielded similar patterns, suggesting that these patterns were not driven by any single locus.
DISCUSSION
We have shown evidence for a substantial survival cost of inbreeding in this vast, contiguous and open crow population. Survival in the 2-50 months after banding was lower for relatively inbred birds: the hazard rate for the most inbred birds was 170 per cent higher than that for the least inbred birds across the range of inbreeding index values, after we excluded birds that died traumatically from the sample. Reduced survival for inbred birds appeared to be mediated, at least in part, by disease: birds that died with disease symptoms had higher inbreeding indices than those that lived for the duration of the study, died traumatically or whose cause of death or disappearance was ambiguous. This disease-mediated inbreeding depression represents the minimum cost of inbreeding in this population, because apparent costs tend to accumulate with life stages and fitness indices measured (Pusey & Wolf 1996) . We did not account for potential inbreeding depression expressed early in development, whether inbred individuals were more likely to die embryonically, soon after hatching (Keller & Waller 2002) or later in life, nor whether inbred individuals had a lower probability of survival in later life stages, were less fecund (Spottiswoode & Moller 2004) or were less successful in acquiring mates (Pusey & Wolf 1996; Seddon et al. 2004; Hoffman et al. 2007) .
Despite the high frequency of reported microsatellitebased heterozygosity-fitness correlations (Coltman & Slate 2003 ), a number of authors have suggested that microsatellite-based estimates of heterozygosity might generally be of limited use as indices of inbreeding (Balloux et al. 2004; Slate et al. 2004; DeWoody & DeWoody 2005) . Our results suggest that they can be useful in populations where incestuous matings and matings between second-order kin occur. HHCs, as well as the positive correlation between parental relatedness coefficients and offspring IR, suggested that our microsatellite-based estimates of individual heterozygosity did indeed reflect inbreeding in this population. The relatively strong correlation between IR and genome-wide heterozygosity for the most inbred birds was not surprising, given that recent inbreeding events are expected to have a much larger effect on inbreeding coefficient than inbreeding events deeper in the pedigree (Balloux et al. 2004) .
Kin matings in this population might occur incidentally from living in close proximity to sexually mature, opposite-sex kin. In order for limited natal dispersal of both sexes to have persisted in this population, we might expect that inbreeding costs are balanced by the benefits gained from living and/or breeding with kin (Alexander 1974) . Various potential benefits have been proposed for living with kin, such as enhanced fitness of nondescendent kin (Emlen 1995; but see Caffrey 2000) , nepotistic defence (Sherman 1981) , enhanced survival (Ekman et al. 2000) , lineage persistence (Marzluff & Balda 1990 ) and territorial inheritance ( Woolfenden & Fitzpatrick 1978) . Potential benefits of kin matings include kin selection (which can, in theory, outweigh surprisingly high inbreeding depression costs; Kokko & Ots 2006 ) and the maintenance of locally selected gene complexes, which could be disrupted through matings with individuals from other populations ('outbreeding depression'; Shields 1982; Bateson 1983) . In this American crow population, individuals exhibit habitat specificity, tending to breed in microhabitats (urban or rural) similar to their natal territory (McGowan 2001) . Matings between birds adapted to the same microhabitat (such as kin) might promote offspring adaptation to a particular microhabitat.
In order to avoid 'too much' outbreeding, Bateson (1983) suggested that optimal mates might be those that are moderately related, particularly if any costs of mating with kin decline quickly with degree of parental relatedness. Disease-mediated costs of inbreeding might, indeed, have declined quickly with parental relatedness in this population: when we removed from our sample a small number of offspring that were known by pedigree to have been produced incestuously, significant patterns of Inbreeding depression in crows A. K. Townsend et al. 2061 survival and fate with IR disappeared. An alternative explanation for this result, however, is that we were only able to detect inbreeding depression in the most inbred offspring because our marker-based estimate of heterozygosity did not correlate well with genome-wide heterozygosity for relatively outbred offspring. Without additional molecular markers and pedigree information, we cannot determine whether relatively outbred birds did not suffer disease-mediated inbreeding costs or whether we were unable to detect these costs with our available marker set.
The results of this study are important for three reasons. First, although it often appears true that, when possible, incest and close inbreeding are avoided in cooperative breeders, particularly among birds (Koenig & Haydock 2004) , our analyses suggest that close inbreeding is not uncommon in this open population of crows (see also Townsend et al. 2009 ). It is possible that incest and close inbreeding occur undetected in other taxa because of the expectation that it will not occur (Kokko & Ots 2006) , or because limited marker sensitivity makes the detection of incest in taxa that live in kin groups challenging (McRae & Amos 1999) . Second, the severity of disease-mediated inbreeding costs that we detected was surprising, given that close inbreeding, if strongly selected against, could presumably have been avoided in this large, open population. Third, we found evidence for a correlation between marker-based estimates of heterozygosity and actual inbreeding in this population. Simulations by Balloux et al. (2004) suggested that microsatellite heterozygosity would be most likely to reflect genome-wide heterozygosity in populations where there is a high proportion of consanguineous matings, such as might be found in very small or subdivided populations, or those with highly skewed mating systems. In our sample, even though 23 per cent of genetic pairs appeared to be first-or second-order kin, the proportion of offspring produced by these pairs was not high: only 4.3 per cent of offspring were produced by first-order kin dyads, and 14.3 per cent of offspring were produced by second-order kin dyads. Nevertheless, IR values estimated from our panel of 10 microsatellite markers appeared sufficient to reflect differences in genome-wide heterozygosity between these highly inbred offspring and relatively outbred offspring. In conclusion, microsatellite markers, when verified as an actual index of inbreeding by even very shallow pedigree information, can serve as a valuable tool for quantifying inbreeding and inbreeding depression in populations in which some level of incest and close inbreeding occurs. Care must be taken to evaluate the assumption of incest avoidance in each system, as well as the assumption that inbreeding costs will be low in large, open populations, particularly for taxa that live in kin groups.
